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PREFACE 
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SECTION  I 
INTRODUCTION 


This  report  describes  an  eighteen-month  contract  to  develop  an  X-band 
solid  state  amplifier,  the  first  phase  of  a four-phase  program  that  is 
expected  to  be  completed  in  a five-year  period.  The  amplifier  developed 
during  this  phase  of  the  program  is  the  critical  component  of  an  all  solid 
state  transceiver  module  for  use  in  active  element,  airborne,  phased  array 
radars.  The  ultimate  goal  of  the  full  program  is  a test  bed  systems  demonstra- 
tion of  a 100-element  array. 

The  amplifier  requirements  are  given  in  Table  1.  Tv*)  approaches  were 
pursued  to  meet  the  amplifier  performance  goals:  an  all  GaAs  FET  amplifier 
and  an  FET/Read  diode  hybrid  amplifier.  At  the  completion  of  the  program, 
two  amplifiers  of  each  type  were  delivered.  In  addition,  50  GaAs  FETs  and 
50  Read  diodes  were  delivered  (see  Appendix  A).  The  GaAs  FET  fabrication  in 
support  of  the  amplifier  development  is  described  in  Section  II  of  this  report. 
The  device  performance  and  some  reliability  considerations  are  also  reported. 
Section  III  details  the  amplifier  development,  including  the  driver  amplifier 
and  the  output  power  amplifiers.  Results  of  pulse  characterization  of  the 
amplifiers  are  also  included  in  Section  III.  Section  IV  is  a brief  summary 
of  the  results  obtained  under  the  contract. 
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Table  1 


X-Band  Solid-State  Module 
Amplifier  Requirements 


Center  Frequency 
1 dB  Bandwidth 
Peak  rf  Output 
Pul se  Width 
Duty  Cycle 
Overall  Gain 
Final  Stage  Gain 
Ri set ime 

Harmonic  and  Spurious  Output 

Efficiency 

Spectral  Purity 


9.5  GHz 
± 500  MHz 

5 W Goa  1 , A W Mini mum 
2 - 20  ps 
Up  to  50% 

>_  25  dB 
5 dB  minimjm 
< 50  ns 
50  dB  Down 
Maximized 

at  10  Hz  -A8  dB/Hz 

> 1000  Hz  -105  dB/Hz 


SECTION  T I 


GaAs  FET  DEVELOPMENT 


The  power  and  gain  requirements  for  the  power  amplifier  and  for  each 
stage  of  the  driver  amplifier  are  listed  in  Table  2,  assuming  no  circuit  loss. 
In  practice,  the  devices  must  deliver  0.5  to  I dB  higher  output  power  to 
overcome  circuit  losses.  The  device  designs  to  meet  these  goals  are  described 
in  the  first  part  of  this  section.  The  epitaxial  layer  growth  and  the  device 
fabrication  process  are  then  discussed.  Finally,  the  results  obtained  to 
date  on  device  reliability  are  presented. 

A.  Device  Design 

At  the  time  the  present  contract  started,  the  devices  available  for 
amplifier  development  were  a 300  pm  gate  width,  small  signal  device  (Figure 
1)  and  a four-cell,  A800  pm  gate  width,  power  device  (Figure  2).  To  remove 
the  heat  generated  in  power  devices  of  this  type,  the  chips  are  soldered 
directly  to  small  copper  carriers  that  are  clamped  between  two  larger  copper 
blocks  containing  input  and  output  microstrip  matching  circuits,  shown  in 
Figure  3-  In  this  configuration  the  measured  thermal  resistance  for  a 
100  pm  thick,  A800  pm  gate  width  device  is  15  to  20°C/W. 

GaAs  FET  output  power  increases  with  increasing  gate  width,  and  it  is 
necessary  to  make  the  gate  width  large  enough  so  that  the  devices  can  readily 
achieve  the  required  output  power  without  employing  such  high  drain  voltages 
that  device  reliability  becomes  a problem.  With  present  devices  that  have  a 
thermal  resistance  of  about  20°C/W  (A800  pm  gate  width)  and  no  n layers  under 
the  ohmic  contracts,  drain  voltages  greater  than  about  10  V are  probably 
unacceptable  from  a reliability  standpoint.  It  is  also  necessary  that  the 
gate  width  not  be  so  large  that  the  device  efficiency  decreases.  Our 
experience  indicates  that  the  maximum  efficiency  is  obtained  when  the  device 
is  operated  so  that  its  gain  is  compressed  A to  5 dB  from  the  small  signal 
gain. 
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Table  2 

Power  and  Gain  Requirements 

for  Each 

Stage  of  the 

Driver  and  Power 

Ampl if lers 

Stage 

Gain  (dB ) 

Output 

Power 

1st  Driver 

9 

125 

2nd  Driver 

6 

500 

3rd  Driver 

5 

1585 

Power  Ampl if ier 

5 

2500* 

* The  outputs  of  two  FETs  are  combined  to  give  5 W 
output  power. 
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Fiaure  2.  Photograph  of  GaAs  Power  FET  Slice  During  Fabrication 
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The  first  driver  stage  requirements  (Table  2)  are  met  by  the  300  pm  gate 
width  devices.  The  1200  pm  gate  width,  single-cell  devices  have  gate  widths 
that  are  slightly  too  large  (900  pm  to  1000  pm  would  be  better)  for  the  second 
driver  stage.  Therefore,  three  300  pm  devices  are  bonded  in  parallel  for  that 
stage.  An  added  bonus  of  using  three  chips  is  that  the  low  source  lead 
inductance  of  this  configuration  increases  the  gain.  To  meet  the  requirements 
of  the  third  driver  stage,  2400  pm  total  gate  width  is  employed  (two  cells  of 
the  4800  pm  gate  width  device). 

At  the  outset  of  this  contract,  FET  performance  results  obtained  under 
AFAL  Contract  No.  F3361 5-76-C- 1 309  indicated  that  the  4800  pm  gate  width 
devices  then  available  would  not  meet  the  power  amplifier  goal  at  safe 
drain  bias  levels  (8  to  10  V)  when  it  was  considered  that  3 W would  probably 
be  needed  to  overcome  circuit  losses.  An  obvious  approach  is  to  increase 
the  power  by  increasing  the  total  gate  width.  The  easiest  scheme  for  accomplish- 
ing this  is  just  to  increase  all  the  gate  finger  widths  and  retain  the  four- 
cell design. 

It  is  known  theoretically  that  when  the  gate  finger  width  is  too  great, 
the  attenuation  and  phase  shift  of  the  rf  signal  down  the  finger  will  reduce 
gain.  A rough  idea  of  when  this  occurs  can  be  obtained  by  treating  a gate 
finger  as  an  R-C  transmission  line.  However,  the  resistance  and  capacitance 
are  not  known  accurately  enough  to  determine  when  device  gain  begins  to  be 
seriously  degraded  so  the  effect  was  determined  experimentally.  This  was 
done  by  using  a mask-set  that  had  adjacent  devices  with  different  gate  finger 
widths,  but  with  the  same  total  gate  width.  The  results  from  a typical  slice 
are  shown  in  Table  3-  At  10  GHz  the  finger  width  could  be  as  large  as  200  pm 
before  performance  was  degraded.  At  12  GHz  this  maximum  finger  width  was 
less  than  150  pm. 

The  data  from  Table  3 led  us  to  choose  a four-cell,  6400  pm  total  gate 
width  device  with  200  pm  fingers  as  the  vehicle  for  meeting  the  power  amplifier 
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Table  3 

Microwave  Performance  as  a Function 


of  Gate  Finger  Width  for  GaAs 

Power  FETs  Having 

1 pm  Gates 

and  1200  pm  Total 

Gate  Width 

Maximum  Gain 

Maximum  P 

With  P j n = 15  dBm, 

With  A dB 

Frequency 

Gate  Finger 

5 V Drain  Bias 

8 V Drain 

(GHz) 

Width  (pm) 

(dB) 

(mW) 

3 

150 

8.2 

890 

200 

8.2 

910 

300 

7. A 

910 

10 

150 

7.0 

850 

200 

7.0 

790 

300 

5.9 

600 

12 

150 

6.2 

660 

200 

5.7 

500 

300 

5.0 

3A0 

Maximum  Pout 
Wi  th  6 dB  Gain 
8 V Drain  Bias 
(mW) 

810 

830 

660 

520 

A80 

300 
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goal.  Figure  4 shows  two  photographs  of  a 6400  pm  gate  width  device 
slice  during  fabrication.  The  gate  length  is  about  1 pm.  Other  parameters 
have  been  kept  about  the  same  as  those  determined  previously:  the  source- 
drain  spacing  is  about  5 ym,  the  epitaxial  doping  level  is  about  1 x 10*^ 
carr iers/cm^,  and  the  basic  design  is  unchanged.  Included  on  the  slice  are 
several  test  patterns  for  measuring  capacitance  as  a function  of  voltage 
(to  determine  the  epitaxial  doping  profile),  contact  and  sheet  resistance, 
and  gate  metallization  resistance. 

The  performance  of  the  6400  ym  gate  width  devices  was  not  as  good  as 
expected.  The  highest  output  power  obtained  from  a 6400  ym  gate  width  device 
at  10  GHz  with  8 V drain  bias  was  3.23  W with  4 dB  gain.  Higher  powers 
could  be  obtained  at  higher  drain  voltages,  but  the  device  would  be  less 
reliable.  This  power,  though  adequate  for  the  power  amplifier,  is  only 
slightly  more  than  has  been  obtained  from  the  best  4800  ym  gate  width  devices. 
The  main  problem  is  that  the  gain  is  too  low.  Ideally,  about  5 to  6 dB  gain 
is  desirable  for  the  power  amplifier  stage  to  compensate  for  the  circuit 
losses. 

The  reason  for  the  low  gain  is  twofold:  lower  than  expected  single-cell 
gain  and  gain  degradation  when  cells  are  combined.  Gate  lengths  of  1.1  to 
1.2  ym  were  employed  on  many  slices  to  increase  yield  at  the  gate  definition 
step.  Many  measurements  had  shown  that  devices  with  such  gate  lengths  had 
about  the  same  output  power  with  4 dB  gain  as  those  with  shorter  gates.  More 
recently,  when  amplifiers  were  being  developed,  device  gain  became  more 
important  than  maximum  output  power,  and  it  became  apparent  that  gate  lengths 
of  0.7  to  0.8  ym  had  0.5  to  1 dB  higher  gain.  Another  problem  is  the  width 
of  the  individual  gate  fingers.  At  the  beginning  of  this  contract,  experi- 
ments indicated  (Table  3)  that  devices  with  200  ym  fingers  would  have  the  same 
gain  as  those  with  150  ym  fingers.  However,  results  from  devices  fabricated 
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from  many  slices  indicate  that  this  is  not  the  case;  the  gain  of  the  200  ym 
finger  devices  may  be  as  much  as  0.5  dB  less  than  the  150  ym  devices.  Even 
with  the  shorter  gate  lengths  the  gain  is  still  not  high  enough  when  four 
cells  are  combined . 

If  there  were  no  loss  in  combining  cells,  the  performance  of  four-cell, 
6400  ym  gate  width  devices  would  be  adequate,  but  the  gain  is  severely  de- 
graded when  multiple  cells  are  interconnected.  This  happens  for  both  4800  ym 
and  6400  ym  gate  width  devices  and  is  typically  1.5  to  2 dB  when  four  cells 
are  interconnected.  For  example,  a single-cell  device  may  have  a gain  of 
9 dB  with  9 dBm  input  power  and  5 V drain  bias,  while  a four-cell  device  with 
the  same  drain  bias  and  15  dBm  input  power  (four  times  higher)  would  have  only 
7 to  7.5  dB  gain.  This  is  thought  to  be  largely  due  to  the  larger  source 
lead  inductance  per  unit  gate  width  of  the  multicell  device.  Source  lead 
inductance  acts  like  a parasitic  resistance  in  series  with  the  device  in 
degrading  gain.  To  test  this  hypothesis,  four  one-cell  chips  (1200  ym  gate 
width)  were  broken  away  from  different  four-cell  chips  from  a particular 
fabrication  run  and  soldered  side-by-side  on  the  usual  heat  sink.  Sufficient 
space  was  left  between  the  chips  to  bond  source  wires  to  ground.  Thus,  the 
source  lead  inductance  per  cell  was  the  same  whether  one  cell  or  four  were 
used.  This  particular  processing  run  had  near-optimum  values  of  all  parameters 
known  to  affect  device  performance;  the  gate  length  was  approximately  0.8  ym, 
was  about  400  mA  per  cell,  and  doping  level  was  about  1.1  x lo'^  cm 
The  performance  of  these  devices  was  the  best  yet  obtained.  With  8V  drain 
bias  the  output  power  was  3.4  W with  6 dB  gain  and  40$  efficiency  at  10  GHz. 

The  gain  degradation  due  to  interconnection  was  reduced  from  1.7  dB  for  a four- 
cell chip  of  this  slice  to  only  0.7  dB,  with  about  half  the  loss  in  the  input 
and  half  on  the  output.  The  relative  cell-combining  efficiency  is  compared 
with  a conventionally  mounted  four-cell  device  in  Table  4.  The  cell  combining 
efficiency  is  defined  here  as 
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Clearly,  a better  approach  to  obtaining  the  power  and  gain  necessary  for 
the  power  amplifier  is  to  use  a low  source  lead  inductance  configuration. 

This  will  result  in  improvements  in  gain,  power,  and  efficiency.  A new 
device  has  been  designed  and  is  being  developed  under  another  contract  to 
incorporate  the  low  source  lead  inductance  configuration  on  one  chip.  There 
is  a 4800  urn  total  gate  width  in  four  cells  on  a plated  heat  sink.  An  added 
bonus  is  that  this  permits  the  GaAs  to  be  thinned  to  50  ym,  lowering  the 
thermal  resistance.  The  GaAs  is  etched  down  to  the  heat  sink  between  the 
cells  to  permit  source  lead  grounding. 

Several  experiments  have  been  conducted  to  optimize  single-cell  device 

microwave  performance.  To  determine  the  optimum  value  of  I . for  achieving 

ass 

high  output  powers,  the  epitaxial  thickness  was  purposely  varied  across 
several  slices  by  varying  the  gate  recess  depth  or  taking  advantage  of  an 
existing  thickness  variation.  The  maximum  output  power  with  4 dB  gain  at 
10  GHz  is  plotted  in  Figure  5 as  a function  of  l^ss  for  1200  ym  gate  width 
devices  from  two  slices.  The  drain  bias  was  8 V in  all  cases.  For  both 
slices  the  output  power  rose  rapidly  with  I ^ at  small  1^^  and  then  rose 
less  rapidly  when  l^ss  reached  350  to  375  mA.  At  higher  values  of  ljss  the 
efficiency  (numbers  beside  each  data  point)  decreased.  This  was  partly  due 
to  heating  and  partly  to  gate  Schottky  barrier  breakdown.  The  optimum  value 
of  l^ss  from  Figure  5 is  in  the  range  400  to  480  mA  (1200  ym  gate  width)  or 
330  to  **00  mA/mm  gate  width. 

It  should  be  noted  that  although  device  heating  is  a major  factor  in 
limiting  microwave  performance  at  the  highest  drain  voltages  (12  to  15  V),  at 
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the  usual  operating  voltage  (8  V)  there  is  only  a small  effect  on  performance. 
Consequently,  pulsed  operation  will  not  significantly  increase  device  output 
power.  To  illustrate  this,  the  output  power  of  a 1200  pm  gate  width  device 
was  measured  in  both  cw  and  pulsed  (very  short  pulse)  operation  as  a function 
of  drain  voltage  with  23  dBm  input  power.  The  results  are  plotted  in  Figure 
6.  This  device  was  chosen  for  its  excessively  high  value  of  1^  (650  mA; 

see  Figure  5)  so  that  heating  effects  would  be  accentuated.  With  8 V drain 
bias  heating  was  not  very  significant  even  with  this  device,  and  it  would  be 
even  less  so  with  an  optimum  device.  If  a plated  heat  sink  were  employed, 
it  would  be  totally  negligible  and  no  more  power  could  be  expected  pulsed 
than  cw. 

The  difference  between  the  two  slices  represented  in  Figure  5 is 
mainly  due  to  differences  in  epitaxial  doping  level,  but  gate  length  has 
some  influence.  The  values  of  gate  length,  epitaxial  doping  level,  and  ldss 
all  influence  the  optimum  values  of  each  other,  so  it  is  difficult  to  deter- 
mine the  best  set  of  parameters.  It  is  becoming  clear  that  if  shorter  gate 
lengths  are  employed  for  higher  gain,  the  optimum  doping  level  for  obtaining 
high  power  is  higher  than  it  is  for  longer  gates.  With  0.8  pm  gates  the 
epitaxial  doping  level  should  probably  be  I to  1.5  x lo'^  cm 


As  an  example  of  the  influence  of  gate  length  on  microwave  performance, 
the  electron  beam  machine  was  reprogrammed  to  define  0.8  pm  and  1.6  pm  gate 
length  devices  on  adjacent  chips  in  the  same  field.  The  microwave  perfor- 
mance of  several  pairs  of  devices  with  identical  l-V  characteristics,  but 
with  different  gate  lengths,  was  compared.  The  0.8  pm  gate  length  devices 
had  about  2 dB  higher  small  signal  gain  at  8 GHz  than  the  1.6  pm  devices, 
but  when  the  rf  input  power  was  increased  until  the  gain  was  only  4 dB,  the 
longer  gate  devices  had  0.3  dB  to  0.4  dB  higher  output  power.  This  is 
illustrated  in  Figure  7 for  one  pair  of  devices  having  identical  l-V 
characteristics.  The  higher  output  power  with  4 dB  gain  of  the  1.6  pm 
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gate  length  device  was  due  to  a 10  to  15%  increase  in  power-added  efficiency. 
However,  for  a typical  amplifier  application  extra  gain  would  be  much  more 
useful  than  slightly  higher  output  power,  so  the  0.8  ym  device  would  be 
chosen. 

B.  Epitaxial  Growth 

GaAs  FETs  at  Texas  Instruments  are  fabricated  using  vapor  phase  grown 

epitaxial  structures.  Semiautomated  reactor  systems  are  used  routinely  to 

provide  GaAs  material  for  GaAs  FETs,  as  well  as  for  other  microwave  devices, 

such  as  Gunn  diodes.  Read  diodes,  and  varactor  diodes.  The  systems  employ 

the  Ga-AsCl.-H.  system,  which  has  been  discussed  extensively  in  the  litera- 
12  3^  Z 

ture.  ’ ’ Figure  8 is  a photograph  of  such  a system.  All  FET  structures 
at  present  contain  a high  resistivity  buffer  layer  between  the  active  layer 
(N  'v  10’7  cm  "*)  and  the  Cr-doped  substrate.  The  low  doping  level  of  the 
buffer  layers,  which  are  typically  3 to  5 pm  thick,  is  achieved  by  growing 
in  a HCl-rich  atmosphere.  An  additional  amount  of  AsCl^  is  added  to  the  gas 
flow  downstream  from  the  Ga  source.  A schematic  of  this  two-bubbler  system 
is  shown  in  Figure  9.  The  principle  of  such  a two-bubbler  system  has  been 
described  previously  in  the  literature,  along  with  the  reasons  for  the 
observed  low  doping  levels. All  FET  material  is  grown  thicker  than 
required  for  device  fabrication  and  then  thinned  by  successive  anodic  oxidation 
and  oxide  etching  cycles.  This  process  is  se 1 f- 1 imi t i ng  in  such  a way  that 
the  oxide  growth  stops  as  soon  as  the  surface  depletion  layer,  with  bias 
applied,  reaches  the  buffer  layer.  Then  the  structure  is  not  biased  any 
more  beyond  the  avalanche  condition,  and  holes  required  for  oxide  growth  are 
not  available.  Before  submitting  the  material  for  device  fabrication,  the 
layer  thickness  is  measured  on  cleaved  and  etched  cross  sections,  and  the 
doping  profile  is  measured  using  C-V  data  taken  with  a mercury  probe. 

Figure  10  presents  a typical  profile.  It  is  important  to  note  that 
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Figure  8.  Photograph  of  an  Automatic  GaAs  Epitaxial  Deposition  System 


Figure  9.  Schematic  of  Epitaxial  Reactor  with  Two  AsCtj  Bubblers 


series  resistance  effects  of  FET  structures  introduce  errors  into  doping  pro- 
files and  that  the  real  profile  always  lies  below  the  measured  data  in  regions 
approaching  the  buffer  layer. 

C . Device  Fabrication 

All  the  GaAs  FETs  discussed  in  this  report  were  fabricated  by  the  same 
process.  Every  slice  consists  of  an  undoped  buffer  layer  followed  by  the 
n-type  active  layer  (n  ^ 1 x lo'^  cm  grown  epitaxially  on  a Cr-doped 
subst  rate . 


The  first  step  in  fabrication  following  receipt  of  the  anodically 
thinned  slices  is  to  etch  mesas  through  the  active  layer  to  isolate  the 
source  and  drain  except  for  the  channel  under  the  gate  and  to  provide  an 
insulating  surface  for  the  gate  bonding  pad.  The  slices  are  etched  with 
(^SO^/HjC^/f^O : 1/8/AO  at  room  temperature  for  about  30  seconds.  This  etch 
does  not  attack  the  photoresist  and  does  not  etch  excessively  near  the  resist 
edges . 

The  next  step  is  source/drain  metallization.  The  pattern  is  defined  in 
photoresist,  and  the  metal  is  evaporated  over  the  slice  and  removed  from 
regions  where  it  is  unwanted  by  dissolving  the  resist  in  acetone  (the  lift-off 

O 

process).  The  metallization  is  about  2100  A eutectic  composition  AuGe 

O 

followed  by  500  A Ni.  The  contacts  are  made  ohmic  by  alloying  for  one  minute 

at  *t50°C  in  flowing  He.  This  metallization  system  provides  very  smooth,  low 

resistance  contacts  with  sharp  edge  definition.  The  contact  resistance  is 

1 7 -3 

typically  0.3^per  mm  gate  width  for  slices  having  n 'v  I x 10  cm 

The  gate  metallization  is  also  defined  by  a lift-off  process,  but  the 
definition  is  by  electron  beam  instead  of  ultraviolet  light.  The  electron 
resist  is  polymethyl  methacrylate  (PMMA) , and  the  gate  is  lifted  off  with 
acetone  similar  to  the  source/drain  metallization.  The  gates  are  automatically 
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realigned  within  the  5 ym  source/drain  gap  to  alignment  marks  in  every 

O 

2mm  x 2mm  "field"  to  ± 2000  A.  These  marks  are  the  "L"-shaped  patterns  in 
Figure  2 and  were  put  down  with  the  source/drain  metallization.  The  gate 
length  can  be  varied  by  simply  reprogramming  the  electron  beam  computer,  and 
gate  lengths  of  0.5  ym  or  less  are  well  within  the  machine's  capability.  The 
yield  of  devices  with  no  shorted  or  open  gate  fingers  following  gate  defini- 
tion is  substantially  higher  when  electron  beam  definition  rather  than 
conventional  contact  printing  is  used,  due  to  mask-slice  abrasion  and  mask 

O O 

run-out  with  the  latter.  The  PMMA  thickness  is  5000  to  7000  A,  and  a 4000  A 
A1  film  is  readily  lifted  off.  Aluminum  was  originally  chosen  as  the  gate 
metal  because  of  the  ease  with  which  it  is  evaporated  and  its  ability  to 
produce  good  Schottky  barriers  to  GaAs  even  after  annealing  to  400°C  or  more. 
However,  recent  life  test  results  have  led  us  to  replace  A1  with  TiPtAu  to 
improve  reliability  (see  Part  D of  this  section).  An  important  step  is  to 
etch  the  slice  slightly  in  H^SO^/H^O^/H^O : 1/8/40  at  5°C  immediately  prior 
to  gate  metallization  in  order  to  recess  the  gate  below  the  epitaxial  surface. 
This  has  been  found  to  improve  device  microwave  performance  significantly. 


Following  gate  metallization,  a 0.5  ym  layer  of  Cr/Au  (defined  by  lift- 
off) is  evaporated  onto  the  source  and  drain  to  improve  current  spreading  to 
the  contact  edges  and  bonability.  A nitride  layer  is  then  plasma-deposited 
on  the  active  areas  to  protect  them  from  scratches  and  shorts  to  the  source 
wires.  This  is  the  stage  at  which  the  photographs  of  Figure  2 were  taken. 
Next,  a 10  ym  layer  of  Au  is  plated  to  the  sources  and  drain  pads  to  aid  in 
bonding,  and  the  slice  is  lapped  to  100  ym. 

D.  Device  Rel iabi 1 i ty 


For  several  months  a number  of  single-cell  GaAs  power  FETs  were  biased 
at  typical  operating  voltages  (Vds  = 8V,  Vq  * -2V)  with  a 50°C  heat  sink  in 
air.  Many  of  these  failed  in  periods  of  100  to  3300  hours,  and  some  have  not 
yet  failed  in  4600  hours.  The  mean-t ime-to-fa i 1 ure  (MTTF)  was  about  1300 


hours.  In  all  cases,  the  failure  occurred  because  the  gate  was  no  longer  able 
to  pinch  off  the  drain  current.  SEM  examination  showed  that  on  each  failed 
device  one  or  more  gate  fingers  had  a small  piece  missing  near  the  gate  pad. 

It  is  not  known  yet  why  this  occurred,  but  the  missing  portions  appear  to 
have  been  dissolved.  Recent  results  at  other  laboratories  indicate  that  this 
may  be  due  to  electrolytic  corrosion  of  the  aluminum.  This  is  accentuated  by 
high  humidity,  temperature  (if  less  than  100°C),  and  voltage.  Although  the 
hottest  spots  of  the  gate  stripes  were  hotter  than  100°C,  the  parts  near  the 
gate  pad  were  probably  not  and  were  therefore  subject  to  corrosion.  The 
nitride  overcoat  retards,  but  does  not  eliminate  this  process.  This  failure 
mode  can  be  eliminated  by  hermetically  sealing  the  devices  in  an  inert  atmo- 
sphere or  employing  a different  gate  metallization. 

The  life  test  set-up  was  modified  by  adding  the  capability  for  applying 
rf  power  to  a small  number  of  devices.  A Gunn  diode  oscillator  (9-5  GHz) 
followed  by  an  FET  driver  with  an  output  power  of  1.2W  was  used  to  drive 
several  devices  in  parallel.  Four  single-cell  devices  were  operated  with  8V 
drain  bias,  -2V  gate  bias,  and  125  mW  input  power  500  mW  output  power)  at 
a heat  sink  temperature  of  80°C.  After  122  hours,  none  of  these  devices  had 
failed;  I , decreased  about  3%.  similar  to  results  with  dc  bias  only.  Two 
other  devices  operated  under  the  same  bias  and  temperature  conditions  with 
350  mW  rf  input  power  (n.  800  mW  output  power)  did  not  fail  after  118  hours. 

Two  devices  were  also  operated  with  350  mW  rf  input  power  with  100°C  heat  sink 
for  133  hours  without  failure.  One  device  operated  under  the  latter  conditions 
failed  catastrophically  after  less  than  14  hours.  This  may  have  been  an 
"infant  failure."  There  were  no  "open  gate"  failures  of  the  type  observed 
at  50°C  with  dc  bias  only.  If  the  failure  mechanism  were  thermally  activated, 
we  should  have  seen  some  failures  at  the  higher  temperature.  Whatever  the 
causative  agent  for  the  gate  failure,  the  approach  taken  was  to  eliminate  it 
by  replacing  the  Al  gates  with  e-gun  evaporated  TiPtAu.  The  TiPtAu  metalli- 
zation system  has  several  advantages,  such  as  potentially  better  adhesion  to 
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GaAs;  much  lower  susceptibility  to  attack  by  processing  chemicals  or  contami- 
nants; lower  susceptibility  to  gate  burn-out  from  high  currents  or  static 
discharge;  compatibility  with  gold  wire  bonding;  and  potential  for  simulta- 
neous use  as  a bonding  pad  metallization,  eliminating  one  mask  step.  GaAs 
power  FETs  have  been  fabricated  with  1 pm  TiPtAu  gates.  The  microwave  perfor- 
mance is  similar  to  that  of  other  devices  from  the  same  slice  having  aluminum 
gates.  Ten  of  these  devices  were  put  on  life  test  (dc  only)  with  8V  drain 
bias  and  -1.5V  gate  bias  with  a 100°C  heat  sink.  At  the  date  of  this  report, 
they  had  accumulated  800  hours.  There  was  one  catastrophic  failure  after 
about  250  hours  that  was  not  related  to  the  open  gate  problem.  If  the  fail- 
ures are  due  to  a thermally  activated  mechanism  with  an  activation  energy  of 
1.6  eV,  then  an  MTTF  at  25°C  ambient  in  excess  of  A x 10^  hours  has  been 
reached.  By  contrast,  the  MTTF  of  1300  hours  measured  at  a 50°C  ambient 
temperature  with  Aluminum  gates  is  equivalent  to  only  2 x 10  hours  at  25°C 
ambient  using  the  same  activation  energy. 


SECTION  III 


AMPLIFIER  DEVELOPMENT 

This  section  of  the  report  describes  the  circuit  work  performed  during 
the  18-month  period  of  the  X-band  solid-state  module  program.  The  specific 
goal  of  this  program  is  the  demonstration  of  a 5 W,  25  dB  gain  amplifier 
module  (9  to  10  GHz)  operated  in  pulsed  mode  for  airborne,  active-element 
phased-array  radar  application.  The  amplifier  requirements  are  listed  in 
Table  1.  Two  approaches  were  pursued  to  meet  the  amplifier  performance  goals: 
an  all  GaAs  FET  amplifier  and  an  FET/Read  diode  hybrid  amplifier.  Two  ampli- 
fiers of  each  type  were  delivered  to  NRL  at  the  completion  of  the  program. 

The  design  and  fabrication  of  the  totally  integrated  FET  driver  amplifier 
module  are  described  along  with  its  microwave  performance.  Development  of 
the  high-power,  balanced  FET  output  stage  with  lumped-element  impedance 
matching  is  also  described.  The  design  approach  and  the  microwave  performance 
result  of  the  5 W Read  diode  output  stage  are  given.  The  cw  as  well  as  the 
pulsed  characteristics  of  the  final,  integrated  amplifier  modules  are 
presented . 

A.  Amplifier  Configurations 

1 . All  FET  Power  Amplifier 

Figure  II  shows  an  all  GaAs  FET  power  amplifier  configuration.  The 
amplifier  consists  of  a driver  amplifier  and  a power  amplifier.  The  driver 
amplifier  provides  20  dB  gain  at  32  dBm  (1.58  W)  output  with  three  cascaded 
FET  amplifier  stages.  Figure  12  shows  the  circuit  layout  of  the  all  GaAs 
FET  power  amplifier  module.  The  three-stage  driver  amplifier  is  shown  in 
the  upper  left-hand  section  of  the  amplifier  module.  The  design  and  optimiza- 
tion of  the  driver  amplifier  are  discussed  in  Section  III.B. 


27 


An  All-FET  Power  Amplifier  Configuration 


2.  FET/Read  Hybrid  Amplifier 


The  second  amplifier  configuration  is  shown  in  Figure  1'3.  It 
consists  of  a GaAs  FET  driver  amplifier  and  a GaAs  Read  diode  amplifier  as 
the  output  stage.  The  driver  amplifier  is  the  same  as  that  shown  in  Figure 
11,  and  is  to  have  an  output  power  level  of  32  dBm  (1.58  W)  to  drive  the 
Read  diode  stage.  The  circuit  layout  of  the  hybrid  amplifier  is  shown  in 
Figure  14  and  is  similar  to  that  of  the  amplifier  shown  in  Figure  12  for  the 
all  FET  power  amplifier  configuration,  except  for  the  replacement  of  the  power 
FET  output  stage  by  the  circulator-coupled  Read  diode  amplifier. 

B.  FET  Driver  Amplifier  Development 

1 . Prototype  Breadboard  Driver  Amplifier  Development 

During  the  first  three  months  of  the  program,  a prototype  breadboard 
driver  amplifier  using  GaAs  power  FETs  with  1 ym  e-beam  defined  gates  was 
designed  and  fabricated.  The  main  purpose  was  to  demonstrate  the  bandwidth 
and  output  power  capability  of  a cascaded  FET  amplifier  over  the  designated 
bandwidth  (9  to  10  GHz)  without  too  much  concern  about  the  amplifier  efficiency. 
For  this  purpose,  a single-cell  (1200  ym  gate  width)  device  was  used  in  each 
stage  of  a three-stage  amplifier  module  with  dimensions  of  I*. 8 cm  x 3-3  cm  x 
1.8  cm  (1.9  in.  x 1.3  in.  x 0.7  in.).  Figure  15  shows  this  three-stage 
amplifier.  A single-ended  design  with  interstage  impedance  matching  was  used. 
Each  of  the  input-output  circuits  and  interstage  matching  networks  was 
fabricated  on  a 15-2  mm  (0.300  in.)  by  15-2  mm  (0.300  in.)  alumina  substrate 
(0.25  mm  thick).  A single  section  of  edge-coupled  line  was  used  as  part  of  the 
interstage  matching  networks  and  dc  blocking  between  stages.  The  FET  chip  was 
mounted  on  a gold-plated  copper  carrier  that  fits  into  a slot  on  the  amplifier 
housing.  With  an  input  power  of  10  mW,  this  amplifier  delivers  500  mW  of 
output  power  with  a gain  of  17  ± 0.15  dB  over  the  design  bandwidth  of  1 GHz 
(9  to  10  GHz).  Figure  16  shows  the  gain-frequency  resonse  of  this  amplifier. 

The  power  supplies  required  for  this  module  are  + 9 V at  0.5  A and  - 2.7  V. 
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The  power-added  efficiency  is  10%.  To  increase  the  output  power  level,  a 
single-stage  power  FET  amplifier  with  a three-cell  device  (3600  ym  gate  width) 
was  cascaded  with  the  0.5  W amplifier  module  described  above.  Figure  17 
shows  the  gain-frequency  response  of  the  four-stage  amplifier.  Over  the  design 
1 dB  bandwidth  of  1 GHz  (9  to  10  GHz),  an  output  power  of  1.58  W was  achieved 
with  a 20  dB  gain.  The  overall  dc-to-rf  conversion  efficiency  is  1^.5%.  It 
has  thus  been  shown  that  the  output  power,  gain,  and  bandwidth  goals  of  the 
driver  amplifier  are  achievable.  As  will  be  discussed  in  the  next  subsection, 
further  optimization  of  the  device  size  (gate  width)  for  each  stage  has 
resulted  in  a three-stage  driver  amplifier  with  about  the  same  output  power  and 
gain  and  an  overall  efficiency  of  20  to  30%. 

t 

2.  Amplifier  Efficiency  Optimization 

The  second  three  months  of  the  contract  were  devoted  to  the  efficiency- 
gain  optimization  of  the  driver  amplifier  stages  for  obtaining  maximum 
efficiency.  For  this  purpose,  devices  with  various  gate  widths  were  used 
in  different  microstrip  circuits  optimized  for  maximum  gain  and  efficiency 
at  X-band. 

GaAs  FET  devices  with  300  ym  gate  width  and  1 ym  gate  length  were  used 
as  the  first  stage  of  the  driver  amplifier.  Figure  18  shows  the  gain- 
frequency  and  efficiency  characteristics  of  this  amplifier.  The  amplifier 
has  an  output  power  of  100  mW  with  8 dB  gain.  The  1 dB  bandwidth  is  2.7 
GHz  (7.7  to  10. A GHz).  Power-added  efficiencies  in  excess  of  30%  have  been 
achieved. 

For  the  second  stage  of  the  driver  amplifier,  the  design  goal  was  6 to  7 
dB  gain  at  500  mW  output.  Two  300  ym  gate  width  GaAs  FETs  on  the  same  chip 
were  mounted  in  single-stage  microstrip  amplifier  circuits  for  gain-efficiency 
optimization.  With  6 V drain  bias,  151  mW  was  obtained  at  9-5  GHz  with  9.8  dB 
gain.  The  gains  of  the  amplifier  were  in  excess  of  8 dB  for  frequencies 
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between  7 and  10.1  GHz  with  12  dBm  input.  Within  the  9 to  10  GHz  band,  the 
gain  was  9-5  ± 0.3  dB.  This  amplifier  could  be  used  for  the  first  stage  of 
the  driver  amplifier  instead  of  the  amplifier  described  above  utilizing  a 
single  300  pm  GaAs  FET.  The  two-cell  amplifier  could  offer  a reliability 
advantage.  With  increase  of  the  drain  voltages  to  7 and  8 V,  the  amplifier 
provides  an  output  power  of  400  mW  and  447  mW  at  a gain  of  6 and  6.5  dB, 
respectively,  at  9-5  GHz.  The  power-added  efficiencies  were  in  the  range 
of  35  to  40%.  Under  these  conditions,  the  amplifier  could  be  used  as  the 
second  stage  of  the  driver  amplifier  at  an  output  power  level  of  400  to  500  mW 
and  6 to  7 dB  gain. 


Cascading  the  amplifier  described  above  with  the  100  mW,  8 dB  gain 
amplifier  using  the  300  pm  FET  produces  the  gain-frequency  response  shown 
in  Figure  19-  The  figure  shows  that  this  two-stage  amplifier  can  provide 
an  output  power  in  excess  of  400  mW  with  14  dB  gain.  Power-added  efficiencies 
as  a function  of  frequency  are  also  plotted  in  the  same  figure.  Efficiencies 
on  the  order  of  33  to  36%  have  been  achieved. 


For  the  third  stage  of  the  driver  amplifier,  experimental  results 
indicated  that  an  FET  with  a total  gate  width  between  2400  pm  and  3600  pm 
would  be  adequate  to  produce  an  output  power  of  1.5  to  1 . 6 W wi th  'v  5 dB 
gain  and  20  to  30%  power-added  efficiency.  With  a 2400  pm  gate  width  FET 
an  output  power  of  1.5  W with  4.8  dB  gain  and  24%  efficiency  has  been 
achieved.  The  linear  gain  is  5 dB. 

■ 

3.  Breadboard  Driver  Amplifier  Performance 

For  the  breadboard  driver  amplifier  the  individual  stages  were 
characterized  in  terms  of  gain,  bandwidth,  and  output  power  prior  to  cascading 
in  the  three-stage  housing.  Figure  20  shows  the  gain-frequency  response  of 
this  three-stage  driver  amplifier.  The  drain  bias  voltage  was  used  as  a 
parameter.  It  is  shown  that,  at  a supply  voltage  of  9 V,  an  output  power  of 
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1.58  W (32  dBm)  with  20  dB  gain  has  been  achieved.  The  overall  power-added 
efficiency  of  24%  (including  bias  circuit  losses)  has  also  been  achieved.  The 
1 dB  bandwidth  is  900  MHz  (9. 1 to  10.0  GHz).  The  linear  gain  is  22  dB  with 
the  1 dB  gain  compression  point  of  1.36  W output.  Except  for  the  narrower 
bandwidth  (0.9  GHz  vs.  the  required  1 GHz),  the  performance  of  this  bread- 
board amplifier  meets  the  design  goals  proposed  by  Texas  Instruments.  The 
block  diagram  of  the  original  driver  amplifier  design  is  shown  in  Figure  21. 
Figure  22  is  a photograph  of  this  breadboard,  three-stage  amplifier.  Discrete 
resistors  and  capacitors  were  used  for  the  dc  bias  network. 

4.  Driver  Amplifier  Integration  and  Performance 

The  degree  of  integration  has  been  further  advanced  with  the  design 
of  a compact,  three-stage  amplifier  as  shown  in  Figure  23(a).  It  is  similar  to 
the  amplifier  module  shown  in  Figure  15,  except  for  the  difference  in  the 
impedance  levels  for  the  matching  networks  because  of  different  device  sizes. 
The  results  of  the  device/circuit  optimization  during  the  first  six  months  of 
the  program  provided  the  necessary  information  on  the  design  of  optimum 
circuit  topologies  for  matching  the  300  pm,  900  pm,  and  2400  pm  gate  width 
FETs  used  in  the  first,  second,  and  third  stage  of  the  driver  amplifier.  The 
amplifier  shown  in  Figure  23  has  dimensions  of  4.8  cm  x 3.3  cm  x 1.7  cm 
(1.9  inch  x 1.3  inch  x 0.7  inch),  excluding  input/output  SMA  connectors. 

The  specific  circuit  topologies  used  for  the  final,  integrated  driver 
amplifier  design  are  shown  in  Figures  23(b),  (c),  (d),  and  (e).  Figures  23(b) 
and  (e)  show  the  input  and  output  matching  circuits,  while  Figures  23(c)  and 
(d)  show  the  interstage  matching  networks.  The  line  lengths  of  the  impedance 
transformers  were  measured  in  terms  of  wavelength  at  9.5  GHz.  The  required 
lumped  inductances  were  realized  with  bondwire  inductances  and  can  be  adjusted 
empirically.  Fine  tuning  adjustments  of  the  circuit  were  also  provided  by 
small  gold  tuning  pads  adjacent  to  the  main  impedance  transformers.  Tuning 
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Figure  23(b).  Input  Matching  Circuit 
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Figure  23(c).  Interstage  Matching  Networks 
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Figure  23(d).  Interstage  Matching  Networks 
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Figure  23(e).  Output  Matching  Circuit 


adjustments  can  be  made  by  connecting  one  or  several  tuning  pads  using  the 
split-tip  welder  with  gold  foil. 

Although  a beam-lead  dc  blocking  capacitor  (47  pF)  is  used  as  shown  in 
Figure  23(a),  a distributed  dc  block  in  [Figures  23(b)-(e)]  was  used  for  the 
final  amp  1 i f i er . 

Several  integrated  driver  amplifier  modules  were  fabricated.  Output 
powers  of  up  to  1.6  W and  efficiencies  of  greater  than  20%  can  generally  be 
obtained  within  the  9 to  10  GHz  frequency  band.  Figure  24  shows  the  gain- 
frequency  response  of  one  of  the  three-stage  driver  amplifiers.  The  power 
supply  requirements  for  the  individual  stages  are  also  indicated.  At  9-5  GHz 
an  output  power  of  1.66  W with  28%  power-added  efficiency  was  achieved.  The 
1 dB  bandwidth  is  0.95  GHz  (9-0  to  9-95  GHz).  Although  not  shown  in  Figure 
24,  the  3 dB  bandwidth  extends  from  7-5  to  10.2  GHz.  Figure  25  shows  the 
gain  compression  characteristic  of  this  amplifier.  Linear  gain  of  25  dB  with 
an  output  power  of  'v  1.2  W can  be  obtained.  The  1 dB  gain  compression  point 
is  1.4  W.  The  results  shown  in  Figures  24  and  25  were  obtained  when  the 
amplifier  module  was  biased  with  individual  power  supplies  for  the  different 
stages.  A bias  network  using  chip  resistors  was  subsequently  designed  and 
incorporated  into  the  amplifier  module.  The  final  module  was  biased  from  two 
power  supplies,  one  for  the  drains  and  one  for  the  gates.  Because  of  the  bias 
network  losses,  the  overall  power-added  efficiency  of  the  module  reduces  to 
26%. 


Figure  26  shows  the  gain-frequency  response  of  another  driver  amplifier 
module.  A 1 dB  bandwidth  of  1.2  GHz  (8.9  to  10.1  GHz)  was  achieved  with 
1.58  W (32  dBm)  output  and  20  dB  gain.  The  power-added  efficiency  is  26%. 

The  design  goals  for  this  amplifier  have  been  met  or  exceeded  in  terms  of 
output  power,  bandwidth,  gain,  and  efficiency. 
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Figure  25-  Output  Power  and  Power-Added  Efficiency  of  a Three-Stage  Driver 
Amplifier  as  a Function  of  Input  Power  at  9.5  GHz 
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The  wide  bandwidth  capability  of  the  microstrip  matching  circuits  was 
demonstrated  in  an  amplifier  with  the  microwave  performance  shown  in  Figure 
27.  One  watt  of  output  power  was  achieved  with  18  dB  gain  at  9.5  GHz  with  a 
power-added  efficiency  of  27%.  The  1 dB  bandwidth  is  2 GHz  (8.2  to  10.2 
GHz).  Figure  28  shows  the  gain  compression  curve  of  this  amplifier. 

C.  FET  Output  Stage  Development 

In  addition  to  the  fabrication  of  several  integrated  driver  amplifiers, 
as  discussed  above,  a considerable  amount  of  circuit  effort  was  devoted  to 
the  5 W FET  output  stage  development.  An  output  power  design  goal  of  5 W with 
5 dB  gain  in  a balanced  amplifier  configuration  was  used  as  the  circuit 
approach  as  shown  in  Figure  10.  The  output  stage,  consisting  of  input/output 
3 dB  hybrid  and  the  two  component  amplifier  matching  circuits,  was  built  on 
a separate  carrier  plate  for  flexibility  of  characterization  prior  to  module 
integration.  The  principal  circuit  emphasis  for  the  high-power  FET  output 
stage  development  was  to  devise  an  optimum  circuit  for  the  large  gate  width 
device  (4800  to  6400  pm).  For  this  purpose,  the  use  of  lumped  LC  elements 
for  "impedance  matching  on  the  chip"  was  extensively  pursued.  This  technique 
allows  for  combining  more  cells  at  the  chip  level  while  still  maintaining  a 
manageable  impedance  level  for  matching  to  the  50  ft  source  and  load. 

1 . Lumped-Element  Impedance  Matching 

Figure  29  shows  the  circuit  topology  using  lumped  elements  for 

g 

impedance  matching.  The  values  of  the  input/output  shunt  capacitances  can 
range  from  0.6  to  1.2  pF.  The  inductances  are  on  the  order  of  0.3  to  1.5  nH 
and  can  be  realized  with  bonding  wire  inductances.  Silicon  M0S  capacitors 
were  used  as  the  matching  elements.  Figure  30  shows  a photograph  of  an 
"internally  matched"  6400  pm  gate  width  FET.  With  a four-cell  (6400  pm) 
device,  3 W of  output  power  was  obtained  at  8.6  GHz  with  4.8  dB  gain  and 
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Figure  27.  A Three-Stage  1 W GaAs  FET  Amplifier  With  2 GHz  Bandwidth 
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Figure  28.  Compression  Characte 


26.2%  power-added  efficiency.  Figure  31  shows  the  gain-frequency  response  of 
this  3 W amplifier.  The  gain  compression  characteric  is  shown  in  Figure  32. 

A linear  gain  of  6.2  dB  was  obtained  at  1.7  W output.  The  1 dB  gain 
compression  occurs  at  an  output  power  of  2.8  W and  24%  power-added  efficiency. 
A 4800  pm  gate  width  device  has  also  produced  2 W output  power  with  6 dB  gain 
and  1 dB  bandwidth  of  2 GHz  C8  to  10  GHz).  A power-added  efficiency  of  24% 
was  obtained.  Figure  33  shows  the  gain- frequency  response.  Because  the 
gains  of  the  4800  pm  gate  width  devices  are  higher  than  those  of  the  6400  pm 
gate  width  device,  they  are  used  in  the  balanced  output  stage,  as  discussed 
in  Section  I I I . C . 3 . 

2.  3 dB  Hybrid  Coupler 

One  of  the  essential  components  for  a balanced  amplifier  is  a low 
loss  3 dB  hybrid,  which  is  used  for  power  combining  as  well  as  for  providing 
a low  return  loss  for  the  power  amplifier  stage.  Two  designs  were  investi- 
gated, the  tandem  90°  hybrid  and  the  interdigital  90°  hybrid,  to  determine 
which  exhibited  the  best  overall  properties  with  regard  to  insertion  loss, 
return  loss,  directivity,  and  amplitude  and  phase  tracking  of  the  direct  and 
coupled  ports  over  the  frequency  range  of  interest. 

The  tandem  hybrid  is  composed  of  two  8.3  dB  edge-coupled  hybrids 
fabricated  on  a polished  0.25  mm  alumina  substrate  (see  Figure  34).  A 3 dB 
hybrid  with  a single  edge-coupled  configuration  is  difficult  to  produce 
because  of  the  extremely  tight  spacing  tolerance  between  the  coupled  lines, 
so  the  tandem  approach  was  undertaken.  Using  0SM  coax  to  microstrip 
transitions  on  all  four  ports  of  the  test  fixture,  the  measured  output  from 
the  direct  and  coupled  ports  reveYFed  nearly  a 1 dB  insertion  loss  (over  and 
above  the  nominal  3 dB  power  split)  in  the  9 to  10  GHz  frequency  range. 
Although  it  is  advantageous  to  have  the  hybrid  fabricated  on  0.25  mm 
alumina  so  it  wiii  be  compatible  with  the  substrate  height  of  the  FET  match- 
ing circuits,  the  insertion  loss  observed  with  the  tandem  approach  was  larger 
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than  anticipated.  An  interdigital  hybrid  (Lange  coupler)  design  was  therefore 
undertaken . 

The  coupling  region  of  the  interdigital  hybrid  consists  of  several 
parallel  microstrip  lines  with  alternate  lines  tied  together  (See  Figure  34). 
Due  to  tight  tolerances  on  the  spacings  between  lines,  the  interdigital 
hybrid  was  fabricated  on  polished  0.63  mm  alumina  instead  of  0.25  mm  alumina. 
As  seen  in  Figure  3^,  the  insertion  loss  observed  at  the  coupled  and  direct 
ports  was  0.4  dB  in  the  frequency  range  of  9 to  12  GHz.  Figure  35  illustrates 
the  directivity  ( > 1 3 dB  from  7 to  12  GHz)  and  the  return  loss  ( > 1 5 dB 
from  7 to  12  GHz)  for  the  interdigital  hybrid.  Figure  36(a)  shows  the 
measured  coupled  and  direct  port  response  from  7 to  l l GHz  for  a 3 dB  Lange 
coupler  etched  on  a 0.375  mm  fuzed  quatz  substrate.  Amplitude  tracking  is 
better  than  0.5  dB  from  8 to  11  GHz.  Figure  36(b)  shows  the  total  insertion 
loss  for  two  such  couplers  in  a "divide-combine"  configuration.  At  9.5  GHz 
a total  insertion  loss  of  0.75  dB  is  measured,  which  corresponds  to  a 0.37  dB 
insertion  loss  for  one  coupler  (over  and  above  the  nominal  3 dB  power  split). 
The  interdigi tated  coupler  on  quartz  substrate  was  implemented  in  the  final 
balanced  amplifier  design.  The  isolated  port  was  altered  to  incorporate  an 
internal  termination. 

3.  Balanced  FET  Amplifier  Performance 

Figure  37  shows  a photograph  of  a prototype  single-stage,  balanced 
amplifier  using  a pair  of  Lange  couplers  on  an  alumina  substrate.  The  compo- 
nent amplifier  had  an  output  of  3 W at  5 dB  gain  prior  to  hybrid  combining. 
Figure  38  shows  the  gain-frequency  response  at  two  input  power  levels.  An 
output  power  of  5 W with  4 dB  gain  and  19.4%  power-added  efficiency  was 
achieved  at  8.5  GHz.  The  I dB  bandwidth  is  1.4  GHz  (7.6  to  9 GHz).  The 
linear  gain  of  the  amplifier  was  5.7  dB  at  3 W output.  The  l dB  gain 
compression  output  power  was  4.5  W.  A GaAs  FET  with  a gate  width  of  6400  ym 
was  used  in  each  of  the  component  amplifiers.  The  amplifier  operating 
frequency  band  was  lower  than  the  design  9 to  10  GHz  band. 
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Interdigita!  Coupled  and  Isolated  Ports  Response 


Vertical : 10  dB/div 

Horizontal:  500MHz/div 

(a) 


Interdigital  Return  Loss 

Vertical:  10  dB/div 

Horizontal:  500  MHz/d  iv 

(b) 

Figure  35-  Measured  Directivity  and  Return  Loss  for  3 dB  Interdigital  Coupler, 
(a)  Directivity;  (b)  return  loss 
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The  balanced  amplifier  module  shown  in  Figure  38  was  obtained  by  com- 
bining two  individual  amplifier  modules,  characterized  separately,  with  a pair 
of  3 dB  hybrids.  Figure  39  shows  a new  version  of  the  single-stage  balanced 
amplifier  with  a 3 dB  Lange  coupler  fabricated  on  a quartz  substrate.  To 
minimize  the  ground  plane  and  discontinuity  problems,  both  the  input/output 
couplers  and  the  matching  circuits  were  mounted  on  the  same  carrier  plate. 

The  devices  were  mounted  on  gold-plated  blocks  fitted  to  a slot  in  the  module 
housing.  A 50  ft  chip  resistor  was  used  to  terminate  the  isolation  port. 

Since  the  hybrids  fabricated  on  quartz  substrates  were  observed  to  have 
lower  loss  0.2  to  0.3  dB  per  hybrid)  than  those  using  alumina  as  substrates, 
they  were  used  in  the  final  stage  design  to  obtain  higher  combining  efficiencies 
of  the  amplifiers.  The  4800  pm  gate-width  FET  was  chosen  for  the  final  stage 
amplifier  instead  of  the  6400  pm  gate  width  FET  originally  designed  for  the 
output  balanced  stage  on  the  basis  of  combining  efficiency  considerations. 

While  the  single-stage,  single-ended,  6400  pm  FET  yields  up  to  4 W of  output 
power  with  ~ 4 dB  gain  in  the  7 to  9 GHz  range,  the  gain  is  not  high  enough 
in  the  9 to  10  GHz  range  to  be  efficiently  combined  with  MIC  hybrids.  The 
use  of  200  pm  gate  finger  width  results  in  a lower  gain  than  the  150  pm  gate 
finger  design.  This  is  due  to  both  amplitude  attenuation  and  phase  change  along 
the  finger  width  at  higher  frequency.  Another  possible  reason  for  the  lower 
gain  is  the  higher  source  lead  inductance  contributed  by  a larger  cell  size. 

With  this  integrated  balanced  amplifier  module  an  output  power  of  A W 
over  the  1 dB  bandwidth  of  1.7  GHz  (8.5  to  10.2  GHz)  was  achieved.  An  FET 
with  a 4800  pm  gate-width  device  was  used  in  each  component  amplifier.  Figure 
40  shows  the  gain-frequency  response.  At  9-5  GHz,  4 W was  achieved  with 
4 dB  gain  and  19%  power-added  efficiency.  The  linear  gain  is  5 dB  at  3.1  W 
output . 
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D.  Read  Diode  Power  Amplifier  Development 


Three  single-stage  circulator-coupled  Read  diode  reflection  amplifiers 
were  designed  and  fabricated.  Two  of  these  amplifiers  were  used  for  the  two 
hybrid  amplifiers  delivered.  A two-mesa  Read  diode  with  a high-low  doping 
profile  optimized  for  X-band  operation  was  used.  Each  mesa  has  a diameter  of 
^ 150  urn  ( 'v-  6 mils).  Figure  4l  shows  the  compression  characteristic  of  one 
amplifier  at  9-5  GHz.  At  the  highest  input  drive  of  32  dBm  (the  design  output 
power  for  the  driver  amplifier),  an  output  power  of  6.4  W wi th  6 dB  gain  and 
21.4$  dc-to-rf  conversion  efficiency  was  achieved.  The  slight  gain  expansion 
at  the  high  output  power  levels  is  due  to  the  large-signal  rectification  effects 
of  the  device,  which  result  in  a nonconstant  dc  bias  current  as  the  rf  input 
drive  is  changed.  The  1 dB  bandwidth  of  this  amplifier  is  600  MHz  (9-3  to 
9.9  GHz).  Figure  42  shows  the  gain-frequency  response  of  another  amplifier. 

Over  the  9 to  10  GHz  frequency  range,  output  powers  in  excess  of  4 W can  be 
obtained.  At  9*5  GHz  6 W output  was  achieved  with  5*8  dB  gain. 

E.  Amplifier  Module  Integration  and  cw  Performance 

Four  three-stage  driver  amplifiers  were  fabricated  and  evaluated.  These 
amplifiers  have  the  same  configuration  as  that  shown  in  Figure  23,  except  that 
the  end  walls  were  replaced  by  two  removable  input/output  SMA  connectors  for 
ease  of  characterization  prior  to  integration  with  the  output  stage.  All 
the  amplifiers  have  achieved  output  powers  of  1.5  W with  20  dB  gain  in  the 
frequency  range  8 to  10  GHz.  Figure  43  shows  the  ga i n- frequency  response  of 
one  of  these  driver  amplifiers.  At  9-3  GHz  an  output  power  of  1.7  W with 
20.3  dB  gain  and  29$  power-added  efficiency  were  achieved.  The  1 dB  band- 
width is  1.7  GHz  (8  to  9-7  GHz).  With  a bias  network  incorporated,  the  power- 
added  efficiency  reduces  to  'v  25$. 


* 


70 


0MNH 


Response  of  a Single-Stage  Read  Diode  Ampl 


1 . A1 I FET  Am pi i f iers 

The  three-stage  FET  driver  was  integrated  with  the  balanced  FET 
output  stage  in  the  final  amplifier  housing  as  shown  in  Figure  44.  An  all 
FET  amplifier  module  with  bias  network  is  shown  in  Figure  45.  The  highest 
power  achieved  with  the  integrated  all  FET  amplifier  module  was  4 W with  24 
dB  gain  and  20%  efficiency  at  9*5  GHz.  The  gain-frequency  response  curve  is 
shown  in  Figure  46.  A 1 dB  bandwidth  of  1 GHz  (8.9  to  9.9  GHz)  was  obtained. 
The  linear  gain  is  28  dB  at  3 W output.  Two  all  FET  amplifier  modules  were 
delivered  to  NRL.  The  cw  performances  of  these  amplifiers  are  shown  in 
Figure  47. 

2.  FET/Read  Hybrid  Amplifier 

Two  of  the  three-stage  FET  driver  amplifiers  were  cascaded  with  Read 
diode  output  stages  for  hybrid  operation.  Figure  48  is  a photograph  of  the 
hybrid  amplifier  module.  The  cw  performance  of  the  two  hybrid  amplifiers 
delivered  to  NRL  is  shown  in  Figure  49.  It  is  shown  that,  at  9.5  to  9.6  GHz, 

5 W of  output  power  can  be  obtained  with  25  dB  gain.  The  power-added 
efficiencies  are  in  the  range  of  18  to  13%.  The  1 dB  bandwidth  is  on  the  order 
of  600  MHz. 

F.  Pulsed  rf  Characterization  of  Amplifiers 

Pulse  measurements  were  made  on  FET  amplifiers  to  determine  their 
suitability  in  phased-array  radar  applications.  Amplitude  droop,  phase  ramp, 
AM-toPM  conversion,  and  phase  sensitivity  to  power  supply  variations  were 
measured  extensively  on  both  single  and  multistage  FET  amplifiers.  The 
measurement  results  are  described  in  this  section. 

Figure  50  shows  a block  diagram  of  the  basic  measuring  system  suitable 
for  pulsed  and  cw  operation.  A tunable  Gunn  oscillator  capable  of  operating 
over  the  frequency  band  from  8.8  to  10.2  GHz  provides  frequency  control  of 
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Figure  ^6.  Performance  of  a 4-W  GaAs  FET  Amplifier 


FET/Read  Hybrid  Amplifiers  Delivered  to  NRL 


the  test  signal,  monitored  by  the  frequency  meter.  A PIN  diode  modulator,  in 
conjunction  with  the  master  pulse  generator,  establishes  a pulsed  rf  signal 


of  controlled  duration  and  repetition  rate.  For  cw  measurements  the  PIN 
modulator  is  simply  switched  to  the  transmission  mode.  The  signal  from  the 
output  of  the  PIN  modulator  is  then  increased  in  magnitude  by  an  FET  amplifier 
and  monitored  by  the  input  power  meter  A.  The  input  power  level  to  the 
amplifier  under  test  is  set  by  precision  attenuator  A.  Power  meter  B is 
calibrated  to  read  the  output  power  of  the  test  amplifier.  The  amplifier  gain 
is  determined  from  the  readings  of  power  meters  A and  B and  variable 
attenuator  A. 

For  pulsed  operation,  the  gate  voltage  is  pulsed  by  pulse  generator  A 
and  is  adjusted  such  that  the  gate  turn-on  pulse  is  advanced  and  turn-off  delay- 
ed with  respect  to  the  rf  pulse.  In  the  pulsed  tests,  the  FETs  are  biased  at 
pinch-off  for  standby.  This  minimizes  the  phase  spike  observed  during  the 
turn-on/off  transient  (of  30  to  *(0  ns  duration)  caused  by  the  changing  gate 
voltage,  since  insertion  phase  is  a sensitive  function  of  the  gate  voltage. 

A simple  pulser,  as  shown  in  Figure  51(a),  was  inserted  between  the  pulse 
generator  and  the  FET  amplifier. 


The  drain  bias  is  maintained  at  a constant  voltage,  but  requires  an 
additional  large  capacitor  and  a ^ 10  volt  breakdown  Zener  diode  in  the  bias 
circuit  when  the  high  power  balanced  amplifier  is  pulsed.  This  reduces  the 
drain  voltage  spike  observed  during  the  pulse  turn-off  and  prevents  the 
high  power  high  drain  current  (approximately  2 amps)  amplifier  stage  from 
failure. 

The  amplifier  output  signal  is  coupled  through  a 3 dB  coupler  to: 

(a)  A crystal  detector  via  variable  attenuator  B, 

(b)  Variable  attenuator  C and  then  to  the  phase  detector, 
completing  the  test  channel  leg  of  the  phase  bridge. 
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The  crystal  detector  output  is  displayed  on  an  oscilloscope  for  determination 
of  the  pulse  rf  amplitude  characteristics.  Rise  and  fall  times  and  pulse 
amplitude  droop  are  measured  from  the  detector  output  displayed  on  the  oscillo- 
scope. The  crystal  detector  can  be  replaced  with  a spectrum  analyzer  for  the 
measurement  of  spurious  signals  generated  by  the  amplifier.  The  reference 
channel  of  the  phase  bridge  is  made  up  of  a precision  phase  shifter,  a level 
set  attenuator,  and  a length  of  transmission  line.  The  transmission  line  is 
used  to  equalize  the  time  delay  of  the  two  channels.  The  precision  phase 
shifter  is  used  to  null  the  phase  bridge  under  varying  test  conditions  and 
hence  provides  the  relative  phase  data  for  phase  response  characterization. 

The  intrapulse  phase  shift  versus  time  is  measured  from  the  phase  detector 
output  displayed  on  the  oscilloscope.  With  the  system  in  either  cw  or  pulsed 
mode,  the  phase  bridge  can  be  used  to  measure  the  AM-to-PM  conversion.  The 
input  power  to  the  amplifier  is  adjusted  with  precision  attenuator  A,  while 
any  change  of  phase  shift  through  the  amplifier  is  detected  on  the  phase 
bridge. 

For  pulsed  operation  of  the  hybrid  FET/Read  amplifier  an  additional  pulse 
modulator  was  used  to  pulse  the  Read  diode  output  stage.  The  pulse  modulator 
required  to  perform  pulsed  operation  of  the  Read  diodes  must  supply  constant 
current  with  minimum  power  dissipation.  Fast  switching  speed  and  low  dc 
current  drain  are  also  desirable  to  increase  the  efficiency  of  the  modulator. 

A schematic  diagram  of  a constant-current  pulse  modulator  is  shown  in 
Figure  51(b).  A pulse-forming  network  is  used  to  gate  a reference  voltage 
to  the  control  amplifier  during  the  pulse  which  is  compared  to  the  feedback 
signal  generated  by  the  output  current.  The  difference  between  these  two 
signals  generates  an  input  to  the  driver  amplifier,  forcing  the  output  current 
to  the  required  value.  A dc  bias  network  is  used  to  set  tie  diode  dc  voltage 
to  a value  near  breakdown.  The  smaller  difference  between  this  dc  bias  voltage 
and  the  required  diode  pulse  voltage  allows  fast  switching  times. 
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The  all  FET  driver  amplifier  can  be  pulsed  as  described  previously. 

The  dc  bias  voltage  to  the  Read  diode  pulser  can  be  set  near  the  breakdown 
voltage  (20  to  30  V)  by  adjusting  R6.  The  required  diode  current  can  be  set 
by  R2. 

1 . Amp  I i tude  Droop 

The  amplitude  droop  in  most  cases  remains  less  than  0,5  dB  for  pulse 
widths  up  to  50  ys.  The  gate  voltage  of  the  FET  is  pulsed  from  the  pinch-off 
to  the  nominal  gate  bias.  The  input  rf  can  be  either  a cw  signal  or  a pulsed 
signal  in  synchronization  with  the  gate  bias  pulse.  The  drain  voltage  is 
maintained  at  a constant  value.  Single-cell  FETs,  multicell  FETs,  and 
multistage  FET  amplifiers  up  to  an  output  power  of  3 to  ^ W have  been  evaluated 
under  pulse  conditions. 

In  the  bias  circuit  design  of  FET  amplifiers  it  is  often  necessary  to 
use  a shunt  capacitor  ( n.  0.01  yF)  across  the  gate  bias  choke  to  prevent 
build-up  of  low-frequency  oscillation.  Although  this  scheme  is  satisfactory 
for  cw  operation  of  the  FET  amplifier,  it  may  not  be  suitable  for  pulse 
operation,  since  it  degrades  the  rise/fall  time  of  the  gate  bias  pulse.  To 
preserve  a fast  rise  or  fall  time,  however,  the  rf  pulse  can  be  delayed  with 
respect  to  the  gate  voltage  pulse.  Unless  otherwise  stated,  such  a practice 
has  been  used  in  testing  the  amplifiers  described  in  this  report.  Although  a 
chip  resistor  (50  to  100  n)  can  sometimes  be  used  in  series  with  the  bias 
circuit  for  stability  and  fast  response  time  of  the  FET  amplifier,  it  generates 
a debiasing  effect  under  large-signal  operating  conditions  due  to  finite  gate 
current  flow.  Any  future  pulse  circuitry  design  must  address  these  critical 
problems. 

The  amplitude  droop  characteristics  were  obtained  by  photographically 
recording  the  oscilloscope  display  made  by  the  crystal  detector.  Photographs 
were  obtained  for  multistage,  3 to  ^ W all  FET  amplifiers  and  5 W hybrid 
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amplifiers  (two  modules  each)  under  two  pulsing  conditions:  one  with  2 us 
pulse  width,  1%  duty  cycle  and  the  other  with  20  us  pulse  width,  10%  duty 
cycle. 

All  modules  were  operated  at  12  dBm  input  power  level  and  at  frequencies 
near  the  band  edges  and  at  band  center  (9  to  10  GHz  B.W.).  Figure.s  52  through 

55  show  the  detected  rf  pulse  and  phase  ramp  for  all  FET  modules  (#9,  12)  and 
hybrid  modules  (#5,  **) . Total  variation  of  output  power  and  phase  within 
the  pulse  are  summarized  in  Table  5 for  both  types  of  modules.  For  all 

FET  amplifier  modules,  the  worst  amplitude  change  of  1.2  dB  occurred  for  20  us 
pulse  width  at  9-5  GHz  for  module  #12.  For  module  #9.  the  maximum  pulse 
amplitude  change  of  0.7  dB  occurred  for  20  us  pulse  width  at  9.5  GHz.  In  the 
case  of  hybrid  amplifier  modules,  the  maximum  amplitude  change  observed  was 
2.2  dB  at  9.2  GHz  for  20  ys  pulse  width.  In  most  cases,  amplitude  droop 
exceeded  1 dB  for  hybrid  modules  for  the  frequencies  and  pulse  widths 
investigated. 

2.  Phase  Ramp 

The  intrapulse  phase  shift  was  measured  to  be  less  than  2°  for  single- 
stage  amplifiers  and  for  maximum  pulse  width  up  to  50  us.  The  pulse  scheme  is 
such  that  the  turn-on  gate  pulse  (the  FETs  were  biased  at  pinch-off  for 
standby)  can  be  advanced  or  delayed  with  respect  to  the  input  rf  pulse.  It  is 
observed  that,  to  minimize  the  phase  spike  during  the  turn-on  transient  (of 
30  to  40  ns  duration),  the  gate  turn-on  pulse  needs  to  be  advanced.  Figure 

56  illustrates  the  effects  of  changing  the  relative  pulse  widths  of  the  rf 
and  gate  pulses  on  the  phase  transient  for  a 300  ym  gate  width  FET  at  9.5  GHz. 
From  these  figures,  it  is  clear  that,  to  minimize  the  phase  transient  during 
the  rise  and  fall  times  of  the  gate  pulse,  the  gate  pulse  width  needs  to  be 
wider  than  the  rf  pulse  width. 

The  intrapulse  phase  characteristics  of  the  four  deliverable  modules  were 
also  measured.  The  results  are  summarized  in  Table  5.  The  phase  responses 
are  displayed  in  Figures  52  through  55. 
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(1)  Amplitude  2 ys  Pulse  Width  (3)  Amplitude  20  ys  Pulse  Width 

(2)  Phase  1$  Duty  Cycle  (A)  Phase  10%  Duty  Cycle 

Figure  52(a)  Pulsed  Amplitude  and  Phase  Response  of  Module  H3  at  9.1A5  GHz 
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Figure  52(b).  Pulsed  Amplitude  and  Phase  Response  of  Module  #9  at  9.5  GHz 


(1)  Amplitude  2 ps  Pulse  Width  (3)  Amplitude  20  ps  Pulse  Width 

(2)  Phase  \%  Duty  Cycle  (1*)  Pulse  10%  Duty  Cycle 

Figure  52(c).  Pulsed  Amplitude  and  Phase  Response  of  Module  #9  at  10  GHz 
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(1)  Amplitude  2 ps  Pulse  Width  (3)  Amplitude  20  ps  Pulse  Width 

(2)  Phase  1%  Duty  Cycle  (4)  Phase  103  Duty  Cycle 

Figure  53(a).  Pulsed  Amplitude  and  Phase  Response  of  Module  #12  at  9.5  GHz 
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(1)  Amplitude  2 ps  Pulse  Width  (3)  Amplitude  20  ps  Pulse  Width 

(2)  Phase  1%  Duty  Cycle  (b)  Phase  10%  Duty  Cycle 

Figure  53(b),  Pulsed  Amplitude  and  Phase  Response  of  Module  #1 3 at  9.1 45  GHz 


(1)  Amplitude  2 ps  Pulse  Width  (3)  Amplitude  20  ps  Pulse  Width 

(2)  Phase  \%  Duty  Cycle  (*t)  Phase  10%  Duty  Cycle 

Figure  5**(a).  Pulsed  Amplitude  and  Phase  Response  of  Module  #5  at  9.1^5  GHz 


(1)  Amplitude  2 us  Pulse  Width  (3)  Amplitude  20  us  Pulse  Width 

(2)  Phase  1?  Duty  Cycle  {k)  Phase  10?  Duty  Cycle 

Figure  5Mc).  Pulsed  Amplitude  and  Phase  Response  of  Module  #5  at  9.8  GHz 


(1)  Amplitude  2 us  Pulse  Width  (3)  Amplitude  20  ps  Pulse  Width 

(2)  Phase  1%  Duty  Cycle  (A)  Phase  10%  Duty  Cycle 

Figure  55  Pulsed  Amplitude  and  Phase  Response  of  Module  ttk  at  9*5  GHz 
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Figure  56.  Pulsed  Phase  Response  of  a 300  nm  Gate  Width  FET  Amplifier  Under 

Various  Operating  Conditions.  Upper  Trace;  Gate  Voltage;  Lower  Trace: 
Phase  Shift.  (a)  Gate  Voltage  pulse  width  > rf  pulse  width; 

(b)  rf  pulsed  with  cw  gate  bias;  (c)  gate  voltage  pulsed  with  cw 
rf;  (d)  gate  voltage  pulse  width  = rf  pulse  width;  (e)  gate  voltage 
pulse  width  < rf  pulse  width 
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From  the  measurement  results  it  can  be  seen  that  the  all  FET  amplifier 
has  less  phase  ramp  than  the  FET/Read  amplifier,  although  the  all  FET 
amplifiers  had  anomalously  large  phase  ramp  at  some  frequencies.  This  could 
be  caused  by  the  different  tuning  effects,  especially  the  balanced  output 
stage.  Without  the  balanced  stage,  the  FET  driver  amplifier  has  a phase  ramp 
of  3 to  6°  for  a 20  us  pulsewidth.  Since  the  Read  diode  is  known  to  be 
very  temperature-sensitive,  it  is  not  surprising  to  see  a tremendous  phase 
change  during  the  pulse. 

Under  ideal  conditions  it  is  shown  that  a phase  shift  on  the  order  of 
A to  6°  can  be  expected  for  an  all  FET  amplifier  module  with  3 to  b W output. 

3.  AM-to-PM  Conversion 

The  AM-to-PM  conversion  characteristics  of  some  medium  power 
amplifiers  were  measured.  In  general,  the  AM-to-PM  conversion  remains  below 
3°/dB  for  input  drive  levels  up  to  the  1 dB  gain  compression  point.  The 
AM-to-PM  conversion  is  independent  of  the  operation  modes,  i.e.,  either  cw  or 
pulsed.  Figure  57  shows  the  AM-to-PM  conversion  characteristic  of  a single- 
stage  and  a three-stage  amplifier.  The  phase  shift  is  taken  as  zero  at  the 
nominal  rf  input  level  of  the  amplifiers. 

**.  Phase  Sensitivity  to  Power  Supply  Variations 

The  insertion  phase  is  far  more  sensitive  to  the  gate  voltage 
variation  than  to  the  drain  voltage  variations.  Figure  58  shows  the  bias 
sensitivities  of  the  insertion  phase  of  a two-cell  (2  x 300  ym  gate  width, 

1 ym  gate  length),  single-stage  amplifier.  The  phase  sensitivity  was 
'v  5 °/V  for  changing  gate  bias  versus  'v0.3°/V  for  changing  drain  bias.  Figure 
59  shows  the  insertion  phase  variation  of  a three-stage  amplifier  as  a function 
of  gate  and  drain  bias.  As  expected,  the  sensitivity  is  higher  for  a multi- 
stage amplifier  than  for  a single-stage  amplifier. 
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Figure  59  Insertion  Phase  as  Function  of  Bias  Voltage  for  a Three-Stage 
GaAs  FET  Amplifier 
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G. 


Noise  Performance 


AM  additive  noise  measurements  have  been  made  on  the  four-stage 
driver  amplifier  at  9.^  GHz  from  1 kHz  to  200  kHz  away  from  the  carrier. 
Although  the  design  goal  is  specified  for  the  final  37  dBm  amplifier,  the 
AM  additive  noise  for  the  32  dBm  driver  amplifier  is  about  30  dB  below  this 
design  goal  at  1 kHz  away  from  the  carrier,  and  even  further  below  for 
frequencies  greater  than  I kHz  away.  In  other  words,  there  is  roughly  a 30 
dB  margin  of  additive  noise  allowed  for  the  final  power  stage  which  will 
still  meet  the  final  amplifier  noise  requirement. 

To  characterize  the  noise  due  to  the  amplifier  alone,  i.e.,  the 
additive  noise,  it  becomes  necessary  to  exclude  from  the  measurements  the 
noise  present  in  the  driving  or  source  signal.  In  this  regard,  a noise 

g 

measuring  system  as  described  by  Sann  can  be  used. 

Figure  60  shows  a simplified  block  diagram  of  the  noise  measurement 
system.  The  setup  is  realized  in  X-band  waveguide.  The  basic  system  consists 
of  the  reference  channel  A,  and  the  test  channel  B,  which  includes  the 
amplifier  under  test.  A single  Gunn  diode  source  provides  the  drive  signal 
to  the  amplifier  as  well  as  the  necessary  signals  to  the  other  channels. 

A balanced  mixer  is  used  to  down-convert  the  noisy  signal  in  test  channel 
B to  baseband.  Depending  on  the  quality  of  the  balanced  mixer,  the  AM  noise 
present  in  the  reference  signal  is  largely  suppressed.  The  output  of  the 
mixer  at  the  i.f.  port  contains  the  additive  noise  near  the  carrier,  shifted 
down  in  frequency  by  the  carrier  frequency.  This  signal  is  amplified  and 
applied  to  the  input  of  the  tunable  wave  analyzer.  Channel  C is  used  to 
suppress  the  carrier  in  the  test  channel  (by  proper  leveling  and  phase 
shifting)  so  that  the  balanced  mixer  can  be  driven  with  a stronger  signal 
without  saturating  the  mixer  diodes.  Effectively,  this  raises  the  total 
system  sensitivity.  Finally,  channel  D,  the  calibration  channel,  is  used  to 
calibrate  the  system  by  injecting  a known  amount  of  modulation  into  the  test 
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channel  and  observing  the  corresponding  meter  reading  on  the  wave  analyzer. 
During  calibration,  the  phase  shifter  in  reference  channel  A is  set  for  a 
maximum  reading  on  the  wave  analyzer.  For  AM  noise  measurements  the  phase 
of  the  calibration  channel  D is  set  so  as  to  produce  AM  sidebands  in  the 
test  channel  B.  This  is  checked  by  switching  the  signal  in  the  test  channel 
to  a crystal  detector  and  spectrum  analyzer,  and  adjusting  the  phase  of 
the  calibration  signal  for  maximum  output  from  the  crystal  detector. 

Figure  61  shows  the  results  for  the  additive  AM  noise  measurements 
for  the  driver  amplifier  at  9.^  GHz.  The  lower  curve  shows  the  measurement 
threshold,  i.e.,  the  system  sensitivity.  This  curve  was  obtained  without 
the  test  amplifier  in  channel  B.  The  system  sensitivity  is  basically  limited 
by  the  noise  contribution  from  the  mixer  diodes,  the  noise  present  in  the 
Gunn  source,  and  the  noise  figure  of  the  i.f.  amplifier.  The  middle  curve 
shows  the  results  with  the  driver  amplifier  inserted  in  the  test  channel  B. 

As  seen  from  the  curve,  the  AM  noise  power  (in  a 1 Hz  bandwidth)  to  carrier 
power  ratio  of  1 kHz  away  from  the  carrier  is  -136  dB.  At  200  kHz  away  from 
the  carrier  it  is  down  -1A9  dB.  The  top  curve  is  the  additive  noise  design 
goal  for  the  5 V/  amplifier. 


Figure  6l  AM  Additive  Noise  Results  for  Driver  Amplifier 


SECTION  IV 
SUMMARY 


During  the  course  of  this  program,  significant  advances  have  been  made  in 
the  development  of  solid  state  power  amplifiers  for  phased  array  radar  appli- 
cations. An  all  FET  amplifier  module  with  a three-stage  driver  and  a balanced 
output  stage  delivered  an  output  power  of  A W with  2U  dB  gain  over  the  8.9  to 
9-9  GHz  frequency  band  (1  dB)  with  20%  efficiency  including  bias  circuit 
losses.  An  FET/Read  diode  hybrid  amplifier  module  with  a three-stage  FET 
driver  and  a single  Read  diode  output  amplifier  delivered  5 W with  25  dB  gain 
at  9-5  GHz  (600  MHz  1 dB  bandwidth)  with  19%  efficiency.  Extensive  cw  and 
pulsed  measurements  on  these  amplifiers  indicate  that  the  all  FET  amplifier  is 
best  suited  for  phased  array  radar  applications. 
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D iode 

Number 

Operat i ng 
Voltage 
(V) 

Output 

Power 

(W) 

Eff  iciency 
(%) 

Frequency 
(GHz ) 

C2 78-6001 

51.0 

3.0 

25.0 

9.2 

C27B-6002 

57.8 

3.1 

24. 1 

8.9 

C27B-6003 

59.0 

3.2 

22.3 

9. 1 

C27B-6004 

57-4 

3.4 

23.2 

9.0 

C27B-6005 

56.4 

3.2 

24.4 

9.0 

C27B-6006 

57.6 

3.9 

24.8 

9.0 

C27B-6007 

56.9 

3.4 

25.3 

9.0 

C27B-6008 

57.9 

3.3 

24.5 

9.0 

C27B-6009 

57.6 

3.2 

24. 1 

9.0 

C27B-6010 

55.0 

3.2 

27-4 

9.  1 

GaAs  FETs  Delivered  to  NRL,  March  19 


Table  A4 


GaAs  Read  Diodes 

De 1 i vered 

to  NRL,  March  1977 

0 iode 

Number 

Opera t ing 
Voltage 
(V) 

Output 

Power 

(W) 

Efficiency 

(%) 

Frequei 

(GHz 

C27B-60) 1 

51-0 

3.2 

22.5 

8.7 

C27B-6012 

58.3 

3.3 

23.4 

9.0 

C27B-601 3 

59.1 

3.4 

21.8 

9.1 

C27B-6014 

59.5 

3.7 

23.0 

8.9 

C27B-6018 

55.5 

3.2 

26.5 

9.3 

C62B-6020 

44.7 

3.4 

17.0 

10.3 

C87B-602 1 

53.5 

4.0 

19.6 

8.9 

C87B-6023 

45.3 

4.1 

19.9 

8.5 

C5 IB-6031 

51.9 

4. 1 

16.3 

9.5 

C5 IB-6033 

52.0 

4.2 

20.2 

9.4 

C51B-6034 

55.9 

3.8 

16.3 

9.4 

Table  A5 
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